Abstract: Hepatitis C virus (HCV) is the main pathogen causing chronic hepatitis and primary liver cancer. Various viral proteins and host cell molecules are involved in the HCV cell entry, but the mechanism of infection has not been completely elucidated. The transferrin receptor can act as a receptor for many viruses during cell entry. The transferrin receptor is not only closely related to HCV-induced iron metabolism disorders but also mediates the fusion of HCV with the host cell membrane as a specific receptor for CD81-dependent viral adhesion.
Structural function of the transferrin receptor (TfR) and regulation mechanism
Cells uptake iron ions through multiple pathways, of which the transferrin (Tf)/TfR pathway is the main mode for human iron uptake. TfRs include two homologous proteins, namely, receptor for transferrin 1 (TfR1) and receptor for transferrin 2 (TfR2) [4] . TfR1, also known as CD71, is widely expressed in human tissues [5] , while TfR2 is mainly expressed in hepatocytes, duodenal crypt cells, and red blood cells. The binding force of TfR1 to Tf is 30 times as strong as that of TfR2 to Tf. TfR1 belongs to the type 2 receptor protein and is located at the surface of the cell membrane. It consists of one intracellular region of approximately 15 Ku and an extracellular region with a complex spatial structure. The extracellular region includes a helix domain, a turnhelix region, and a protease-like domain. The formation of a groove of approximately 1 nm in the protein-like structure is the main site of interaction between TfR1 and Tf. . TfR circulates through the Golgi complex to the cell surface to complete the transport of ferric ion [6] .
TfR expression is mainly regulated by intracellular iron ion levels. The 3ʹ-untranslated regions (UTRs) of TfR transcripts play an important role in regulating mRNA stability. This region contains five iron-responsive elements (IREs). The IRE is a set of palindrome sequences, with each sequence consisting of a 30-nucle otide hairpin loop structure. IREs are present at the 3ʹ-UTR and 5ʹ-UTR of the TfR mRNA. The iron regulatory protein (IRP) is involved in the posttranscriptional regulation of TfR expression. This protein can recognize and bind the hairpin loop structure of the UTR IRE of the TfR mRNA and enhance mRNA stability to promote iron uptake by cells [7] . The IRP is divided into IRP1 and IRP2. IRP1 is expressed in all cells, and its structure contains ironsulfur clusters with aconitase activity. At a high intracellular iron level, the affinity of IRP1 and IRE is decreased and TfR mRNA is downregulated. Under iron-deficient conditions, IRP1 is separated from the iron-sulfur clusters and the aconitase activity is lost. The increase in IRE affinity enhances the stability of the TfR mRNA and upregulates the expression of TfR [8, 9] . IRP2 lacks the aconitase activity and is not regulated by iron-sulfur clusters. IRP2 binds to the TfR IRE hairpin loop structure to upregulate its expression [10] .
TfR and iron metabolism disorders caused by HCV infection
Liver is an important organ for iron storage and metabolism and also the main target organ for iron overload injury [11] . Iron metabolism disorders are closely related to the worsening of chronic hepatitis C (CHC) conditions and mortality [12] . Saito et al. [13] studied the liver tissues of CHC patients and healthy controls. The results showed that TfR1 was highly expressed in the liver tissues of most CHC patients than those of healthy controls. However, the TfR1 expression in the hepatic iron overload of CHC patients was not downregulated. These results suggested that TfR1 may be an independent factor for liver iron overload caused by HCV infection. TfR2 mRNA expression was higher in hepatitis C patients than in hepatitis B patients [14] . No significant difference was found in the liver TfR1 mRNA levels between chronic hepatitis B patients and CHC patients, but the TfR2 mRNA levels were significantly increased in CHC patients. This result was positively correlated with the total hepatic iron score. Fujita et al. [15] found that the TfR2 protein level in the liver cells of CHC patients was significantly increased and the iron uptake of hepatocytes through the TfR2 pathway was also enhanced. This phenomenon indicated that elevated TfR2 expression is closely related to HCV infection. In CHC patients receiving interferon antiviral therapy, TfR2 expression was significantly downregulated as HCV viral load decreased, and total hepatic iron score was also decreased. Therefore, HCV infection promotion of TfR2 expression may be an important cause of liver iron overload, and TfR2 may play a more important role in HCV-induced liver iron overload than TfR1.
TfR as a receptor involved in the entry of multiple viruses
TfR not only participates in the transport of iron ions in cells but also interacts with other protein molecules to perform corresponding biological functions. TfR can act as a receptor for many viruses to enter cells [16] . Moreover, this receptor can also inhibit the nuclear factor kB signaling pathway by influencing IkB kinase [17] . Radoshitzky et al. [18] found that the Machupo virus (MACV) can infect cells by the interaction of TfR1 with a-dystroglycan. Anti-TfR1 antibodies can block MACV cell entry, knockdown TfR1 expression in host cells, and reduce MACV infection rates. Parker et al. [19] found that the entry of canine parvovirus (CPV) was also closely related to TfR1.
CPV can only replicate autonomously during the S phase of cell growth and can be permanently anchored on actively dividing cells by binding to TfR1 [20] . CPV can effectively infect lymphocytes and small intestine crypt cells. These phenomena are confirmed by the high expression of TfR1 on the surface of highly fragmented lymphocytes and intestinal crypt cells [21] [22] [23] . The mouse mammary tumor virus (MMTV) is a pH-dependent virus. Wang et al. [24] found that this virus can use TfR1 as its receptor to infect cells. The MMTV virions first bind to TfR1 on the cell surface, enter the cell with endocytosis, and undergo pH-dependent membrane fusion in the lysosome. Meanwhile, the arenavirus is one of the sources of infection that causes the viral hemorrhagic renal syndrome in which TfR1 has also been identified as an important receptor protein. In addition, several new world arenaviruses and feline panleukopenia virus (FPV) also use TfR1 as an entrance receptor.
The role of TfR1 in the HCV cell entry
HCV can infect various cells, such as hepatocytes, peripheral blood mononuclear cells, and T lymphocytes [25, 26] . HCV-infected cells are the first to bind to target cell surface receptors. Adsorption of HCV on the cell surface mediates virus entry into the cell via receptor molecule complexes. Glycosaminoglycans and lowdensity lipoprotein receptors are involved in virus adhesion, which is mediated by apolipoprotein binding to HCV particles [27] . Subsequently, the virions form a complex with SR-BI and CD81, transport to the tight junction of the cell, and then bind to claudin 1 [28, 29] .
HCV-infected host cells may also be dependent on TfR1. Martin and Uprichard [30] found that TfR1 can act as an HCVE1/E2 protein-specific cell receptor during the HCV cell entry. HCV particles efficiently bind to TfR1 without binding to other receptors. This conclusion can also be supported by the direct binding of HCV cell culture to TfR1 on the surface of Chinese hamster ovary cells. Inhibition of TfR1 expression or addition of TfR1 neutralizing antibodies suppresses HCV infection in hepatocytes. Antibody neutralization experiments showed that the 208-212 amino acid residues of TfR1 may be the central region of TfR1 that recognizes HCV. The TfR1 neutralizing antibody had no effect on the repression of HCV infection when the cell surface CD81 molecule was inhibited. This result suggested that TfR1 may mediate viral entry via endocytosis after CD81-dependent viral adherence. Further studies have shown that TfR1-mediated HCV entry may depend on the TfR1 trafficking protein (TTP)-related endocytosis mechanism. TTP plays an important role in TfR1-mediated cell phagocytosis. TTP assists TfR1 internalization by clathrin-mediated endocytosis [31] . Inhibition of TTP expression can prevent HCV cell culture infection. FPV also uses TfR1 as a cellular receptor and is involved in clathrin-mediated endocytosis. The FPV capsid protein and Tf can be co-localized with TfR1, enter endocytic vacuole by endocytosis, and then are released into the cytoplasm. If the expression of TfR1 is inhibited, FPV cannot infect cells [32] . However, some viruses, such as MMTV, only use TfR1 as a receptor for cells and do not rely on endocytosis.
Conclusion
TfR1 is not only involved in the cellular iron ion transport but also mediates the fusion of HCV and host cell membranes as E1/E2 protein-specific receptors after CD81-dependent virus adhesion. This protein plays an important role in HCV cell entry. Therefore, the potential of TfR as an HCV antiviral target deserves attention. Meanwhile, TfR is closely related to the dysregulation of iron metabolism and may be an independent factor for hepatic iron overload caused by HCV infection. A deep understanding of the mechanism of action of TfR in HCV infection will promote the control and treatment of hepatitis C.
